Aging affects all levels of neural processing, including changes of intracortical inhibition and cortical excitability. Paired-pulse stimulation, the application of two stimuli in close succession, is a useful tool to investigate cortical excitability in humans. The paired-pulse behavior is characterized by the second response being significantly suppressed at short stimulus onset asynchronies. While in rat somatosensory cortex, intracortical inhibition has been demonstrated to decline with increasing age, data from human motor cortex of elderly subjects are controversial and there are no data for the human somatosensory cortex (SI). Moreover, behavioral implications of age-related changes of cortical excitability remain elusive. We therefore assessed SI excitability by combining paired-pulse median nerve stimulation with recording somatosensory evoked potentials in 138 healthy subjects aged 17-86 years. We found that paired-pulse suppression was characterized by substantial interindividual variability, but declined significantly with age, confirming reduced intracortical inhibition in elderly subjects. To link the age-related increase of cortical excitability to perceptual changes, we measured tactile two-point discrimination in a subsample of 26 aged participants who showed either low or high paired-pulse suppression. We found that tactile performance was particularly impaired in subjects showing markedly enhanced cortical excitability. Our data demonstrate that paired-pulse suppression of human SI is significantly reduced in older adults, and that age-related enhancement of cortical excitability correlates with degradation of tactile perception. These findings indicate that cortical excitability constitutes an important mechanism that links age-related neurophysiological changes to behavioral alterations in humans.
Introduction
Aging induces major reorganization and remodeling at all levels of brain structure and function (Rowe and Kahn, 1987; Arnsten, 1998; Cabeza, 2002; Dinse, 2006) . Numerous lines of evidence converge on the observation that during aging, intracortical inhibition is particularly affected and that much of age-related impairment of sensation and perception may result from this phenomenon. A study performed several years ago reported an enhanced electrical coupling in the hippocampus of aged rats, which has been assumed to contribute to an increase in cellular excitability with age (Barnes et al., 1987) . More recently, evidence for a significant degradation of visual orientation and direction selectivity, together with enhanced spontaneous activity, was described in old macaque monkeys and cats (Schmolesky et al., 2000; Hua et al., 2006) . The authors suggested that the decreased selectivity and increased excitability of cells in old animals might be attributable to an age-related degeneration of intracortical inhibition. For the somatosensory cortex, an expansion of the representations within primary somatosensory cortex (SI) in elderly subjects aged 60 -85 years has been reported. In the same subjects, tactile spatial two-point discrimination performance showed a strong decline with age (Kalisch et al., 2009) . Map expansion typically observed in young and adult subjects during learning is associated with a gain in performance. It has been suggested that age-related map changes are related to a reduction of intracortical inhibition developing with age, as a reduced level of inhibition would allow excitatory processes to spread. It is undisputed that receptive fields (RFs) are kept small through active inhibition (Hicks and Dykes, 1983) . In a study analyzing receptive fields and point-spread functions in somatosensory cortex of aged rats, an enlargement of RF size and of the size of the cortical point-spread function has been described (Spengler et al., 1995; Godde et al., 2002) , compatible with a general reduction of cortical inhibition.
Stimulation with pairs of stimuli in close succession (pairedpulse stimulation) has become a common tool to investigate paired-pulse suppression (PPS). PPS describes the phenomenon of cortical responses to the second stimulus becoming significantly reduced at short stimulus onset asynchronies (SOA). PPS is quantified in terms of the ratio of the amplitude of the second response divided by the first response amplitude. Accordingly, small amplitude ratios are associated with strong PPS, and large ratios are associated with reduced PPS. For the somatosensory system, paired-pulse stimulation in combination with somatosensory evoked potentials (SEP) recordings over primary somatosensory cortex has been used to investigate paired-pulse behavior and to obtain markers of cortical excitability Shagass and Schwartz, 1964; Ragert et al., 2004; Höffken et al., 2007) .
For aged rats, significant reductions of PPS have been described for somatosensory cortex, corroborating that intracortical inhibition is reduced at higher ages (David-Jürgens and Dinse, 2010) . So far, no data are available for human somatosensory system. For human primary motor cortex, controversial findings have been reported about age-related changes of PPS (Peinemann et al., 2001; Wassermann, 2002; Oliviero et al., 2006; Smith et al., 2009) , and the behavioral implications of age-related changes of PPS remain elusive at present. Therefore, we tested the hypothesis of age-related reduction of intracortical inhibition in human somatosensory cortex in 138 individuals aged 17-86 years. We measured paired-pulse SEPs following median nerve stimulation at short SOA. In addition, to link age-related changes of cortical excitability to perceptual abilities, we measured tactile discrimination performance in a subsample of aged participants.
Materials and Methods
Subjects. We tested 138 right-handed volunteers aged 17-86 years (91 female; mean age, 48 Ϯ 21.5 years). In all subjects, handedness was determined using the Edinburgh Handedness Inventory (Oldfield, 1971) . All subjects were neurologically healthy, as assessed by a neurologist. Individuals with diseases of the central or peripheral nervous system were excluded from the study. Eligibility criteria were lucidity, independence in activities of daily living, and absence of motor handicaps such as functional impairment because of arthritis or other causes of joint immobility. Single-pulse SEP latencies of the N20 component were used to ascertain that peripheral processing was intact. Typically, early symptoms of polyneuropathies of the peripheral nerves include lengthening of conduction, which can increase up to 30% (Yiannikas and Vucic, 2008) . In our sample, no participants were included who had latencies longer than the in-house critical value of 22.9 ms. Furthermore, medication with central nervous effects in present or reported history was a criterion for exclusion. Medication intake that was permitted is documented in Table 1 . The study was approved by the Ethics Committee of the RuhrUniversity of Bochum and was performed in accordance to the Declaration of Helsinki. All subjects gave informed consent before participating.
Paired-pulse evoked somatosensory potentials. To assess possible agerelated changes of excitability of somatosensory cortex, we applied a paired-pulse protocol consisting of paired electrical stimulation of the median nerve with an SOA of 30 ms while recording SEPs. Nerve stimulation was performed using a block electrode placed on the wrist of the right hand. Pulse duration was 0.2 ms and the repetition rate of the paired stimuli was 3 Hz. Subjects had to report a prickling sensation in the thumb, index, and middle fingers of the stimulated hand to verify correct positioning of the stimulating block electrode. As a rule, stimulation intensity was individually adjusted to the twofold of individual sensory thresholds (Table 1) . Median nerve stimulation at individually adjusted intensity induced a small muscular twitch in the thenar muscles. During the recording session, participants were seated on a comfortable chair and were instructed to relax but stay awake with closed eyes. In addition, single-pulse stimulation was performed using the same parameters as for the paired-pulse stimulation (pulse duration, 0.2 ms; repetitive rate, 3 Hz). SEPs were recorded using an electrode over the left SI, 2 cm posterior to C3 (CP3) according to the international 10 -20 system (American Electroencephalographic Society, 1994) . A reference electrode was placed over midfront (FZ) position. SEPs were recorded in epochs from 20 ms before to 200 ms after stimulus onset with a 32-channel amplifier (bandpass filter, 100 -2000 Hz; Brain AMP MR; Brain Products) and stored for off-line analysis. For each single-and paired-pulse stimulation, 800 stimulus-related epochs were recorded. Offline, SEP raw data were segmented and baseline corrected, movement and muscle artifacts (amplitudes Ͼ 100 V) were rejected, and averaging was performed. Peakto-peak amplitudes of the cortical N20 -P25 SEP components were analyzed, which are assumed to be generated in SI (Lueders et al., 1983; Allison et al., 1989; Namiki et al., 1996) . Paired-pulse suppression was expressed as a ratio (A2/A1) of the amplitudes of the second (A2) and the first (A1) N20 -P25 peak (Fig. 1 ). Amplitude ratios Ͻ1 describe a PPS while ratios Ͼ1 indicate paired-pulse facilitation. The influence of age on SEP paired-pulse ratio (A2/A1) was assessed by calculating Pearson's correlation coefficient. In a post hoc approach, SEP data were split into two groups using the median age of all participants (46 years; N ϭ 69 per group). Independent two-sample t test was performed to assess differences between amplitude ratios of subjects Ͻ46 years and subjects Ն46 years.
Tactile discrimination performance. In addition, a subpopulation of 26 subjects (age, 57-81 years; mean age, 70.2 Ϯ 6.2 years) was tested in a simultaneous spatial two-point discrimination task using the method of constant stimuli (Godde et al., 1996 (Godde et al., , 2000 Pleger et al., 2001; Dinse et al., 2003) . Acuity thresholds obtained by gratings or by two-point measurements are largely equivalent , although thresholds obtained by gratings are slightly lower in general. For two-point discrimination testing, seven pairs of pins with different spacings were mounted on a rotatable disc (diameter, 200 mm) that allowed switching rapidly between pairs. We used two different test devices, depending on the age of the subjects and their discrimination skills. With one device, we presented 1.0, 1.4, 1.8, 2.2, 2.6, 3.2, and 4.0 mm spacing between pins. With the other device, we presented 1.5, 2.3, 3.2, 3.9, 4.7, 5.6, and 7.0 mm spacing. In both cases, zero distance was tested with a single pin. To achieve a standardized type of stimulation, the arm and fingers of the subjects were fixed on a plate that could be moved up and down by the examiner. The disc was installed in front of the plate. The downmovement was stopped at a fixed position above the pins. The index finger of the right hand was placed above a small hole through which the finger touched the tips of the pins at approximately the same indenta- tions in each trial (Godde et al., 2000; Pleger et al., 2001; Dinse et al., 2003) . To obtain a stable baseline discrimination performance, each distance was tested eight times in randomized order in each of three separate sessions, resulting in a total of 192 trials. The subjects had to decide immediately whether they had the sensation of one or two tips. The summed responses were plotted against distance as a psychometric function for absolute threshold, fitted by a binary logistic regression. Threshold was taken from the fit at the distance for which 50% correct responses were reached. In the subgroup of elderly subjects (Ͼ55 years old), a correlation between paired-pulse SEP ratios (A2/A1) and two-point discrimination thresholds was analyzed using Pearson's correlation coefficient. All statistical analyses were performed using the SPSS 17.0 software package (version 17.0.0).
Results

Paired-pulse SEPs
We measured SEP following right median nerve stimulation in 138 participants aged 17-86 years by analyzing the cortical N20-P25 component. We found increasing paired-pulse amplitude ratios (A2/A1) with increasing age (Pearson's correlation coefficient r ϭ 0.307, p Ͻ 0.001; Fig. 2 ). Generally, we observed a substantial interindividual scatter of amplitude ratios. However, while none of the subjects Ͻ55 years old showed amplitude ratios exceeding 1, 25% of the subjects Ͼ55 years old did. For post hoc analysis, we split the data at the median age of our subjects, which was 46 years. Post hoc unpaired t test revealed significant ( p Ͻ 0.001) increases in mean amplitude ratios in individuals aged 46 years or older (0.64 Ϯ 0.05, mean Ϯ SEM) compared with subjects younger than 46 years (0.45 Ϯ 0.03). The N20-P25 peak-topeak amplitudes of the first (A1) paired-pulse SEP were comparable to single-pulse N20-P25 peak-to-peak amplitudes (Pearson's correlation coefficient r ϭ 0.863, p Ͻ 0.001), but neither of them were correlated with the age of the subjects (Pearson's correlation: single-pulse A1, r ϭ Ϫ0.046, p ϭ 0.608; paired-pulse A1, r ϭ 0.052, p ϭ 0.546). Additionally, we found no significant difference in paired-pulse A1 between elderly (46 years or older; 4.32 Ϯ 0.38, mean Ϯ SEM) and adult (Ͻ46 years; 4.02 Ϯ 0.27) subjects. In contrast, we found a positive correlation between age and the second amplitude of the paired-pulse SEP (A2; Pearson's correlation coefficient, r ϭ 0.233, p ϭ 0.006). An unpaired t test revealed significantly ( p ϭ 0.008) higher A2 amplitudes in elderly subjects (46 years or older; 2.72 Ϯ 0.33, mean Ϯ SEM) compared with adult subjects (under 47 years; 1.77 Ϯ 0.14). Stimulation thresholds did not correlate with paired-pulse ratios or any N20 -P25 amplitude.
The significant increase of the paired-pulse ratio indicates enhanced cortical excitability and is consistent with the assumption of a general reduction of intracortical inhibition with increasing age.
Relation of age-related decline of tactile discrimination performance with cortical excitability
To obtain information about potential perceptual consequences of enhanced cortical excitability during aging, we measured tactile discrimination thresholds in a subset of 26 elderly participants, who showed either particularly low or high paired-pulse ratios. The mean (ϮSEM) tactile two-point discrimination thresholds were 3.33 Ϯ 0.14 mm, confirming previous reports of a severe age-related decline in tactile discrimination abilities. There was a positive linear correlation between paired-pulse amplitude ratios (A2/A1) and two-point discrimination thresholds (Pearson's correlation coefficient, r ϭ 0.428, p ϭ 0.029; Fig. 3 ). For subjects with amplitude ratios Ͻ1, we found mean (ϮSEM) discrimination thresholds of 3.07 Ϯ 0.18 mm, while subjects with amplitude ratios Ͼ1 showed discrimination thresholds of 3.58 Ϯ 0.18 mm. Thus, tactile discrimination thresholds showed significantly higher impairment in subjects characterized by particularly high paired-pulse ratios indicative of decreased intracortical inhibition. Within the tested group of individuals, there was no correlation between age and two-point discrimination performance. There was also a lack of correlation between paired-pulse ratio and tactile dis- crimination thresholds for a cohort of young subjects aged 19 -30 years (n ϭ 40, data not shown).
Discussion
We used a paired-pulse protocol of electrical median nerve stimulation in 138 participants aged 17-86 years to measure agerelated changes of intracortical excitability in human primary somatosensory cortex. PPS describes the phenomenon of neuronal responses to the second stimulus being significantly reduced at short SOA. We found that in elderly individuals, paired-pulse suppression was significantly reduced. By combining assessment of tactile discrimination performance in a subpopulation of elderly subjects, we also demonstrated that particularly high levels of cortical excitability were associated with severe impairment of tactile discrimination performance.
We use the term "paired-pulse suppression" to refer to a reduction in the neuronal response to the second of a pair of two successive stimuli, a phenomenon often referred to as "forward suppression". We use "inhibition" to refer to one possible candidate for this suppression, namely GABAergic intracortical inhibition arising from postsynaptic activation of GABA A or GABA B receptor gated channels. "Synaptic depression" refers to a reduction in synaptic drive, including mechanisms such as postsynaptic receptor desensitization, presynaptic depletion of releasable vesicles, and other presynaptic mechanisms depressing vesicle release (Bellingham and Walmsley, 1999) .
Typically, even in young subjects, measurements of pairedpulse suppression reveal substantial interindividual variability. Therefore, whether and how aging affects paired-pulse behavior remains largely elusive. The available data from human motor cortex of elderly subjects are controversial. According to Peinemann et al. (2001), the motor-evoked potential magnitude of intracortical PPS elicited by transcranial magnetic stimulation (TMS) was significantly smaller in elderly than in young adults. In contrast, a study using a different stimulation device found no evidence for age-related changes of intracortical PPS (Oliviero et al., 2006) . Another TMS study in young and elderly subjects reached a similar conclusion, reporting a large variability of paired-pulse behavior on the one hand and no influence of age on paired-pulse behavior on the other hand (Wassermann, 2002) . However, recently a significant age-related reduction of pairedpulse suppression has been reported for somatosensory cortex of aged rats, based on a large number of neuron recordings (DavidJürgens and Dinse, 2010) . So far, no data for human somatosensory system are available. By investigating a sample of 138 participants, we were able to demonstrate-despite substantial interindividual variability-that paired-pulse suppression in human SI is in fact reduced, which is in line with the notion of a general age-related decline of inhibition (Barnes et al., 1987; Schmolesky et al., 2000; Peinemann et al., 2001; Hua et al., 2006; David-Jürgens and Dinse, 2010; Schmidt et al., 2010) . As documented in Table 1 , elderly participants had higher sensory thresholds than young subjects. It is, however, unlikely that differences in stimulation intensities might have affected paired-pulse suppression. First, we did not find a correlation between stimulation intensity and PPS. Second, we have recently systematically investigated the effect of stimulation intensities on PPS (our unpublished data), which revealed no effect except for extreme intensity values very close to sensory threshold, or at maximally tolerable intensities; both conditions are unlikely to hold for our present cohort of subjects.
While our data provide evidence that aging affects pairedpulse behavior at a systemic level and that this effect is mediated by a decrease in the second amplitude, they cannot provide information about possible underlying mechanisms. Despite substantial experimental and theoretical work, the mechanisms mediating paired-pulse behavior are not fully understood, not even in young animals. There is agreement that presynaptic mechanisms play a crucial role (Hashimoto and Kano, 1998; David-Jürgens and Dinse, 2010) . Wehr and Zador (2005) reported that in rat auditory cortex, GABA receptor-mediated inhibition does not play a major role in forward suppression for interstimulus intervals (ISIs) beyond 100 ms. For longer ISIs, synaptic depression is assumed to be responsible for the observed PPS (Wehr and Zador, 2005) . In the visual cortex, suppression is also more consistent with thalamocortical synaptic depression than with inhibition Freeman et al., 2002) . In addition, there is evidence that GABA B receptors seem to be involved in regulation of PPS (Porter and Nieves, 2004) . Recently, an altered composition of GABA A receptors, especially a reduction of subunit ␣ 5, has been reported in aged animals (Schmidt et al., 2010) . In addition to the contribution of GABAergic mechanisms, there is evidence for the involvement of glutamatergic transmission in the paired-pulse phenomenon (Takahashi et al., 1996; von Gersdorff et al., 1997) . Because of differences in the PPS between cortical and thalamic cells, it has been argued that inheritance of thalamic response properties is unlikely to account for long-lasting forward suppression (Wehr and Zador, 2005) . For human subjects, based on multichannel SEP recordings after paired median nerve stimulation, it has been shown that paired-pulse suppression is generated at least rostral to the brainstem nuclei (Höffken et al., 2010) .
In many studies, assessment of paired-pulse suppression is used as a marker of altered cortical excitability, without linking changes of excitability to behavior (Ragert et al., 2004) . However, there is evidence that reduced inhibition developing at high age is associated with decrease of function. For example, a recent ultrastructural study revealed a significant age-related decline in the numerical density of presumptive inhibitory synapses of sensorimotor cortex (Poe et al., 2001) , demonstrating a deficit in the intrinsic inhibitory circuitry of the aging neocortex. This observation is in agreement with recent reports where comparison of stimulus selectivity of cells in V1 in young and old macaque monkeys revealed a significant degradation of orientation and direction selectivity in old animals (Schmolesky et al., 2000) . In contrast, application of GABA and its agonist muscimol on V1 cells in senescent monkeys resulted in an improvement of visual cortical function (Leventhal et al., 2003) . We therefore hypothesized that elevated cortical excitability in elderly subjects leading to a lack of paired-pulse suppression might be associated with particularly impaired tactile perceptual abilities. In fact, in our study, elderly participants characterized by amplitude ratios Ͼ1 revealed the largest discrimination impairment, while elderly subjects characterized by intermediate amplitude ratios displayed moderate age-related decline. These observations corroborate that in somatosensory system, age-related loss of inhibition is associated with significant age-related degradation of tactile perception, offering the possibility to use the assessment of paired-pulse suppression in elderly individuals as an indicator of the intactness of tactile performance or vice versa. Conceivably, many factors contribute to differences of performance within a subpopulation of elderly individuals. According to our data, alterations in paired-pulse behavior, i.e., cortical excitability, appears to contribute. In addition, other factors, such as changes in skin properties, changes in daily use and behavior, and changes in CNS processing, influence discrimination performance. Therefore, our results cannot provide insight into possible cause and consequence. On the one hand, older subjects may have less somatosensory input due to peripheral or central degenerational processes, which is then compensated for by the somatosensory cortex with less inhibitory effects on cortical processing. On the other hand, reduced cortical inhibition may directly interact with the processing of somatosensory input, leading to lower discrimination performances.
In our study, none of the young subjects revealed amplitude ratios Ͼ1. In contrast, ratios Ͻ1 were found in both young and elderly individuals, although tactile discrimination differed substantially between young and elderly subjects (Stevens, 1992; Woodward, 1993; Wohlert, 1996; Dinse et al., 2006; Kalisch et al., 2009) . Accordingly, the close association between paired-pulse suppression and discrimination performance discussed above appears limited to elderly subjects. In a sample of young adults (N ϭ 40; 19 -30 years of age), we found no correlation between paired-pulse ratios and discrimination thresholds (Pearson's correlation coefficient, r ϭ Ϫ0.022, p ϭ 0.892; our unpublished data). In young subjects, reduction of paired-pulse suppression is linked to a gain of behavioral and perceptual performance Ziemann et al., 2001; Ragert et al., 2003 Ragert et al., , 2004 Ragert et al., , 2008 Neary et al., 2005; Höffken et al., 2007) . To account for the dual effects of enhanced excitability, being linked to impaired behavior, such as during aging, or to enhanced behavior, such as during learning, one has to consider that many different mechanisms may lead to paired-pulse facilitation as observed at a phenomenological level using EEG recordings. Accordingly, the mechanisms mediating reduced paired-pulse suppression during aging must be fundamentally different from those mediating learning. A similar observation has been made recently for changes in cortical maps. Using electric source localization, Kalisch et al. (2009) demonstrated that the distance between the dipoles of the index and the little fingers increased in elderly subjects, indicative of map expansion, which was paralleled by a decline in tactile acuity. Because cortical map expansion in young subjects is typically associated with skill and performance acquisition (Elbert et al., 1995; Pleger et al., 2001) , it has been concluded that map expansion observed during aging must represent a specific form of map alteration associated with aging processes, which differs qualitatively from learning-related reorganization occurring in young and adult subjects.
To provide a model-based explanation for these observations, we recently used a mean-field approach to model cortical population activation to understand both the process of aging and the process of tactile discrimination performance . In this model, the activation after stimulation depends not only on the distance between inputs on the skin, but also on interactions within the cortex, which were depicted by Mexicanhat interaction characterized by local excitation and a broader range inhibition (Wilson and Cowan, 1973; Amari, 1977) . Aging is modeled by a broadening of the inhibitory kernel, while learning is modeled by a reduction of the amplitude of the inhibitory interaction. In the "young" model, both the excitatory and the inhibitory interaction components are sharp. leading to focused representations. The "aging" model has a broader excitatory and a broader and weaker inhibitory component consistent with broader distributed representations and higher excitability. According to our simulations, the fine structure of excitatory and inhibitory interaction is differentially affected by aging and learning processes . It is therefore reasonable to assume that intracortical interaction is a key factor explaining the size of cortical representation, the amount of cortical excitability, as well as the outcome of perceptual tasks.
Combined, our data showed that paired-pulse suppression in human SI is significantly reduced in older adults, and that a pronounced age-related enhancement of cortical excitability correlates with degradation of tactile perception. These findings indicate that cortical excitability constitutes one important mechanism that links age-related neurophysiological changes to behavioral alterations in humans. Accordingly, modulation of cortical excitability might be an interesting means to interfere with age-related changes of behavior and perception.
